Two distinct mitochondrial genome types have been described among the green algal lineages investigated to date. The Chlamydomonas-like type displays a reduced-derived organizational pattern characterized by small genome size (16-25 kb), limited gene content (no ribosomal protein or 5S rRNA genes and only a few respiratory protein and tRNA genes), and the presence of fragmented and scrambled rRNA coding regions. The Prototheca-like type represents an ancestral form of green algal mitochondrial genome that features a larger size (45-55 kb), a more complex set of proteincoding genes (including ones for ribosomal proteins), a complete or almost complete set of tRNA genes, and 5S rRNA as well as conventional continuous rRNA genes (Nedelcu 1998; Gray et al. 1998; Turmel et al. 1999) . To date, six green algal mitochondrial genomes have been completely sequenced. Of these, four belong to the reduced-derived type (i.e., Chlamydomonas reinhardtii [Michaelis et al. 1990; Boer and Gray 1991; Vahrenholz et al. 1993] , Chlamydomonas eugametos [DenovanWright et al. 1998 ], Chlorogonium elongatum [Kroymann and Zetsche 1998 ], and Pedinomonas minor [Turmel et al. 1999] ), and two are members of the ancestral type (i.e., Prototheca wickerhamii [Wolff et al. 1994] and Nephroselmis olivacea [Turmel et al. 1999] ). In phylogenetic analyses using mitochondrial rDNA sequences ) the above two types of mitochondrial genome fail to affiliate with each other. Furthermore, whereas in mitochondrial protein trees the ancestral mitochondrial sequences directly affiliate, as expected, with their land plant counterparts, the reduced-derived (fast-evolving) sequences form a clade separate from both ancestral green algal and land plant homologs (Turmel et al. 1999 ).
The causes, factors, and mechanisms responsible for the extensive changes sustained by the mitochondrial genome in different green algal lineages are not known yet, although some suggestions have been made (Nedelcu 1998; Nedelcu and Lee 1998a,b) . To decipher the processes involved in the evolution of the green algal mitochondrial genome in particular, and to understand the mechanisms involved in the evolution of the mitochondrial genome in general, we need more knowledge about the extent of mitochondrial genome diversity and the specific evolutionary trends in mitochondrial genome organization within each lineage.
The phylogeny of green algae continues to undergo revision. Green algal lineages are distributed between two phyla, Chlorophyta and Streptophyta (see Bremer 1985) (Figure 1 ). The reduced-derived green algal mitochondrial genomes sequenced to date belong to lineages placed in the Chlorophyceae (i.e., Chlamydomonas spp. and Chlorogonium) and Pedinophyceae (i.e., Pedinomonas), whereas the ancestral-like mitochondrial genomes belong to the trebouxiophyte (i.e., Prototheca) and prasinophyte (i.e., Nephroselmis) lineages ( Fig. 1) . Comparisons among the gene contents of ancestral and reduced-derived mitochondrial genomes show that most of the derived features shared by all of the Chlamydomonas-like mitochondrial genomes (such as lack of ribosomal protein and 5S rRNA genes and the presence of fragmented and scrambled rRNA coding regions) are also found in the primitivelike taxon, Pedinomonas; however, the rRNA genes are less fragmented and a slightly larger number of genes are encoded in the mitochondrial genome of this taxon, relative to other Chlamydomonas-like counterparts. Do these observations mean that the evolutionary processes leading to the very peculiar type of mitochondrial genome organization in Chlamydomonas were initiated long before the divergence of the chlorophycean group, namely in a Pedinomonas-like green flagellate ancestor, and continued since? Alternatively, is the similarity in organization between the pedinophycean and chlorophycean mitochondrial genomes an example of convergent evolution?
The goals of our work were to determine whether the observed split in mitochondrial genome organization and sequence affiliation in green algae is real or is due to insufficient or biased sampling, and to define trends in mitochondrial genome evolution within the green algal group. The chlorophycean group consists of two very distinct evolutionary lineages that diverged early (Wilcox et al. 1992; Steinkötter et al. 1994) (Fig.  1) . Because all of the chlorophycean mitochondrial genomes sequenced to date belong to only one lineage and feature reduced-derived organizational types, we decided to investigate mitochondrial genome organization within the other lineage. The specific questions addressed by this study follow:
1. Do the mitochondrial genomes in the two (early diverged) chlorophycean lineages resemble each other and are they of the reduced-derived mitochondrial genome type? 2. Alternatively, are the mitochondrial genomes very different between the two evolutionarily distinct chlorophycean lineages? 3. Will the acquisition of information about mitochondrial genome organization from both chlorophycean lineages contribute to suggesting evolutionary mechanisms and pathways in the streamlining process leading toward the derived chlamydomonadalean mitochondrial genome? 4. Could mitochondrial genome traits help decipher phylogenetic relationships among green algal lineages?
In light of available data on phylogenetic affiliation (Wilcox et al. 1992; Steinkötter et al. 1994) , mitochondrial genome size (Kück 1989) , and rRNA gene organization (Nedelcu et al. 1996; Nedelcu 1997) for Scenedesmus obliquus, we decided to determine the entire mitochondrial genome sequence of this green alga.
RESULTS

Genome Organization
Genome Size, Base Composition, and Map The complete mtDNA sequence of S. obliquus (GenBank no. AF204057) suggests a 42,919-bp genome with Figure 1 Evolutionary relationships among green plants (green algae and land plants). The two main evolutionary branches depict the two sister phyla (Chlorophyta and Streptophyta) into which all green plants fall. Chlorophyta comprises three classes (Ulvophyceae, Trebouxiophyceae, and Chlorophyceae). The two deeply diverging chlorophycean lineages defined by flagellar apparatus configuration (CW, clockwise; DO, directly opposed) are shown. The Prasinophyceae is a non-monophyletic assemblage of primitive green algae, some of which are of uncertain phylogenic affiliation (dashed lines). All the green plants for which complete mtDNA sequences have been determined are indicated, with the exception of Pedinomonas minor, a primitive unicellular green flagellate whose phylogenetic position has not yet been established.
an overall A +T of 63.7%. Table 1 summarizes features of this mitochondrial genome and Figure 2 depicts the circular genome map deduced from the Scenedesmus mtDNA sequence. A circular restriction map for the mitochondrial genome of another strain of S. obliquus, KS3/2, has previously been reported (Kück 1989) . (Figure 2 ). The four free-standing ORFs (orf130, orf148, orf345, and orf390) have no known homologs whereas the intronic orf215 might code for an endonuclease/maturase-like protein. No 5S rRNA (rrn5) or ribosomal protein-coding genes have been identified in Scenedesmus mtDNA, and transcription and biosynthesis genes are also absent. Table 1 for abbreviations of species names. b Numbers in parentheses indicate the number of coding modules for that particular rRNA species. c Mitochondrially-encoded tRNAs unique to Scenedesmus are in bold and marked with an asterisk; the codons they read and the amino acids they specify are also set in bold. d Transfer RNA coded for by a duplicated gene.
Gene Content
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Genetic Code and Codon Usage
From the sequence data, we infer that the Scenedesmus mitochondrion uses a deviant genetic code. Multiple protein alignments, as well as the presence of a mitochondrially encoded tRNA Leu with anticodon CUA suggest that UAG is read as leucine. In addition, these alignments revealed that if TGA and TAA were assumed to be the sole termination codons in the Scenedesmus mitochondrion, protein reading frames would be considerably longer at the carboxyl termini than their homologs from other species. Possible explanations are: (1) a standard sense codon is used as a stop codon; (2) a regular termination codon is generated through RNA editing; or (3) a UAA termination codon is generated through site-specific cleavage or polyadenylation.
Our preliminary data support the first possibility. We observed that in all standard mitochondrial protein-coding genes in Scenedesmus, the expected end of the reading frame fell precisely at or close to a serine residue that is always specified by a TCA codon. Moreover, additional TCA codons are not present upstream of this position in any of these protein-coding genes. Also, although there are 27 mitochondrially encoded tRNAs in Scenedesmus, the mitochondrial genome lacks a trnS(uga) specifying a tRNA that would decode UCA. Consistent with the lack of a trnS(uga) is (1) the additional absence in all protein-coding genes of the TCG codon, which is the other serine codon that could be decoded by a tRNA Ser (uga); and (2) the presence of a tRNA Ser (gga) with the capacity to decode UCU and UCC but not UCG or UCA. To test whether RNA editing or cleavage/polyadenylation might be introducing a termination codon in the primary transcript, we performed a series of reverse transcriptase-PCR (RT-PCR) experiments. Preliminary data (not shown) did not reveal any changes in the mRNA sequence relative to the corresponding DNA coding sequence. Table 3 presents the codon usage in the 13 standard mitochondrial protein-coding genes in Scenedesmus. A pronounced codon bias is indicated by the fact that up to 87% of the codons in four-codon families end in A or T. However, in these cases, there does not seem to be any preference for third-position A or T. Seven codons in total (TTA, Leu; ATA, Ile; TCG, Ser; CGG and AGA, Arg; TAA and TGA, termination) are not found in Scenedesmus mtDNA. The set of 27 tRNAs coded for by Scenedesmus mtDNA is sufficient to recognize all of the remaining codons except ACN(Thr), assuming that a single tRNA is able to read all codons in the four-codon families GTN(Val), CCN(Pro), CGN(Ala) and GGN(Gly). Gene sequence predicts that in the corresponding tRNAs, the wobble position of the anticodon would be occupied by a U residue; if unmodified, this wobble U would allow a single tRNA species to decode all of the synonymous codons in each four-codon family. In two other tRNAs, tR-NA Leu (aag) and tRNA Arg (acg), the A residue in the wobble position is presumably modified posttranscriptionally to inosine, potentially allowing the tRNAs to read all four synonymous codons (Pfitzinger et al. 1990 
a AC and AA denote the tRNA anticodon and the amino acid specified, respectively. b (") indicates identity with the anticodon in the line above, and (-) indicates the lack of mitochondrially-encoded tRNAs with anticodons that can read the codons indicated at the left. 
Gene Organization and Structure
The mitochondrial SSU and LSU rRNA genes (rns and rnl) are fragmented and scrambled in Scenedesmus. The rnl and rns coding modules are found clustered in two regions of the genome and are flanked exclusively by each other or by tRNA genes (Fig. 2) . The LSU and SSU rRNA genes are fragmented into four (i.e., rnl_a, rnl_b, rnl_c, rnl_d) and two (i.e., rns_a, rns_b) coding modules, respectively. These modules are transcribed and the size of the transcripts (Figure 3 ) (Nedelcu 1997) is consistent with that suggested by their corresponding gene sequence. A number of insertions (relative to the Escherichia coli homologs) ranging from 79 bp to 150 bp are present in rnl_a, rnl_c, rnl_d, and rns_a. Northern blot analyses indicate that these extra sequences are present in the mature transcripts (Nedelcu 1997 ).
The mitochondrial protein-coding regions were identified based on sequence similarity and alignments with homologs in other lineages. The mitochondrial protein sequences were inferred from DNA sequences and amino acid alignments; the genetic code used was a deviant one, as discussed above. The predicted proteins are generally similar in organization to their homologs in other green algae. However, a few exceptions have been noted. First, Nad2 appears 40-51 amino acids longer at its amino-terminus than the Prototheca and Nephroselmis counterparts; second, Atp6 contains a 27-amino acid insertion; and third, Cox3 has extensions of approximately 12 and 32 residues at its amino-and carboxyl termini, respectively. A more significant deviation is the deduced sequence of Cox2, which is approximately 100 amino acids shorter at the carboxyl terminus than other Cox2 proteins. Because this region represents almost half of the protein sequence in other Cox2 counterparts and contains conserved amino acid motifs, it is conceivable that cox2 is, in fact, a pseudogene.
Three mitochondrial genes are populated by a total of four introns (two group I and two group II) in Scenedesmus. One of the group I introns (1273 bp) is inserted in rnl_d (E. coli coordinate 2505), belongs to the IA1 subfamily, and contains the only intronic ORF, orf215, present in the Scenedesmus mitochondrial genome. This ORF is free-standing and potentially codes for a polypeptide that is similar to other group I intronic endonucleases/maturases, especially from fungal mitochondria. The second group I intron (611 bp) is located in nad5. A group II intron (608 bp) is inserted in rnl_d (E. coli coordinate 2455), 49 nt upstream of the rnl_d group I intron; this group II intron belongs to the 2B subfamily and represents the smallest reported self-splicing group II intron from an organelle gene (Kück et al., 1990) . The second group II intron (848 bp) is located in rns_a (E. coli coordinate 740).
Genome Structure
Gene density in the mitochondrial genome of Scenedesmus is low, with identified genes accounting for only 60.6% of the sequence. Coding regions are rather evenly dispersed throughout the genome. Proteincoding genes are highly interspersed with tRNA and rRNA coding regions, and all but two genes, namely, atp6 and orf130, are encoded on the same DNA strand. Intergenic spacers occupy a total of 16.9 kb (∼ 39% of the genome) and vary in length from 0 (i.e., the trnA(ugc)/rnl_d and trnG(ucc)/rnl_c spacers) to almost 2 kb (i.e., the trnI(uau)/orf130 spacer); most spacers are between 2 and 600 bp in length, with only one being larger than 1 kb. The A +T content of intergenic spacers is higher than that of coding regions (Table 1) .
Numerous repetitive sequences are distributed throughout the genome, and are especially prominent in the intergenic regions. Of the 50 intergenic spacers, 34 are populated by repeated sequences; the intergenic regions that lack such repeats are smaller than 60 bp, and all but one are flanked on at least one end by a tRNA gene. The repeat motifs are between 16 and 118 bp long. In some cases, short repeats (identical or with one mismatch) are organized as tandem arrays (e.g., multiple copies of a 27-bp sequence in the rns_b/ trnI(aua) spacer and of a 40-bp repeat in the trnI(aua)/ orf130 spacer); the tandem copies are either directly adjacent or separated by sequences that appear to be degenerate or truncated copies of the repeat unit. Most of the longer repeat regions are composed of several different repeat units that are also found isolated or in combination with other repeated sequences throughout the genome. Although most copies of the repetitive sequences are located in intergenic spacers, some are also found in rRNA coding regions (e.g., a 37-bp sequence present in both rns_c and the trnN(guu)/ trnR(acg) intergenic spacer) and introns (e.g., a 43-bp repeat present in the rns_a group II intron as well as the trnS(gga)/trnD(guc) spacer). In addition, repetitive sequences are found in some ORFs (e.g., orf345, orf130, and orf148) and protein-coding genes (e.g., a 47-bp sequence present in the 3' region of nad2 and the nad2/ cox1 spacer, and a 28-bp sequence present in the orf345/trnQ(uug) spacer as well as overlapping the last 12 bp at the 3' end of cob).
Phylogenetic Analyses
Phylogenetic analyses were conducted using a data set comprising 1949 amino acid positions from the concatenated protein sequences of seven genes (cob, cox1, nad1, nad2, nad4, nad5, and nad6) that are common to the mitochondrial genomes of Scenedesmus, six other green algae (C. eugametos, C. reinhardtii, Chlorogonium, Nephroselmis, Pedinomonas, Prototheca), two land plants (Arabidopsis thaliana and Marchantia polymorpha) and two red algae (Chondrus crispus and Porphyra purpurea). The mitochondrial genome of the chytridiomycete fungus, Allomyces macrogynus, was used as an outgroup. Figure 4 depicts the best tree inferred with PROTML, which shows that Scenedesmus, Chlorogonium, and Chlamydomonas mitochondrial sequences form a strongly supported clade. However, the Scenedesmus and chlamydomonadalean sequences, together with those of Pedinomonas, form a cluster that does not directly affiliate with the rest of the green algae and land plants. The remarkably long branches displayed by taxa in this cluster undoubtedly reflect a highly accelerated rate of sequence divergence relative to other protist and land plant mtDNA sequences.
DISCUSSION
Scenedesmus and Other Green Algal Mitochondrial Genomes: Similarities and Contrasts
Genome Size, Map, and Structure At 42.9 kb, the mitochondrial genome of Scenedesmus is 5% smaller than the ancestral-like green algal mitochondrial genome of Nephroselmis (45.2 kb), but considerably larger than the reduced-derived mitochondrial genomes of Pedinomonas (25.1 kb) and Chlamydomonas spp./Chlorogonium (15.8-22.9 kb). Mitochondrial genomes larger than 45 kb (e.g., the 55.3-kb mtDNA of the trebouxiophycean alga Prototheca) have been reported in other green algal groups. Like most, but not all, of the green algal mitochondrial genomes investigated to date, Scenedesmus mtDNA is a circular-mapping genome (Table 1) .
The gene density in Scenedesmus mtDNA (60.6% of the total sequence) is the lowest among the green algal mitochondrial genomes completely sequenced to date (Table 1) . A comparably low overall gene density (60.9%) is also seen in Pedinomonas mtDNA, but in this case noncoding sequence is mostly localized to an 11-kb region that contains a tRNA gene duplicate (Turmel et al. 1999) , rather than being dispersed throughout the mitochondrial genome as in the Scenedesmus case. The only gene linkage shared with another green algal mitochondrial genome is the trnF-trnE pair that is also present in Pedinomonas mtDNA. The nad4L-nad5-nad4-nad2 gene cluster present in the ancestral mitochondrial genome of the protist, Reclinomonas americana (Lang et al. 1997) , is completely dispersed in Scenedesmus, as it is in Chlorogonium. In contrast, Nephroselmis mtDNA maintains the nad5-nad4-nad2 cluster, whereas Prototheca and C. eugametos/Pedinomonas only retain the nad5-nad4 and nad4-nad2 linkage groups, respectively. It is interesting that the arrangement of genes into only one (Pedinomonas, C. eugametos, and Chlorogonium), two (Prototheca, C. reinhardtii) or three (Scenedesmus) transcriptional units seems to be a feature of the more advanced green algae. In contrast, in Nephroselmis mtDNA, genes are organized into at least 15 different such units.
The complex organization of the short repetitive sequences found in Scenedesmus mtDNA resembles that of the short repeats described in C. eugametos mtDNA (Nedelcu and Lee 1998b) ; however, the repeat units are larger in size and in a higher number of copies when organized in tandem arrays. The Scenedesmus short repeated sequences have a less biased base composition when compared with the very GC-rich repeats found in Chlamydomonas spp. mtDNA (Boer and Gray 1991; Nedelcu and Lee 1998b ) and the very AT-rich repeats described in Prototheca mtDNA (Wolff et al. 1994 ). Tables 1 and 2 compare gene repertoire in completely sequenced green algal mitochondrial genomes. Scenedesmus mtDNA encodes all 12 conserved genes present in its chlamydomonadalean counterpart. Although 29 additional conserved genes are present in the mitochondrial genome of Scenedesmus relative to those of Chlamydomonas spp./Chlorogonium homologs, another 29 such genes are missing in Scenedesmus in comparison to the more ancestral Nephroselmis mtDNA. In addition, three of the four respiratory protein-coding genes that are present in Pedinomonas but not Chlamydomonas have also been found in the Scenedesmus mitochondrial genome; the only protein-coding gene present in Pedinomonas but not in Scenedesmus is atp8. In fact, Scenedesmus is unique in its repertoire of mitochondrially encoded atp genes, containing only atp6 and atp9. As in Pedinomonas and Chlamydomonas spp./Chlorogonium, but in contrast to Prototheca and Nephroselmis, no genes for subunit 1 of the ATPase complex (atp1), 5S rRNA or ribosomal proteins have been identified in the Scenedesmus mitochondrial genome (Table 1) .
Gene Content
The 27 mitochondrially encoded tRNAs in Scenedesmus represent a ninefold larger set than that of Chlamydomonas spp./Chlorogonium mitochondrial genomes and exceed by one the number of tRNAs encoded in the ancestral mitochondrial genome of Nephroselmis ( Table 2 ). The Scenedesmus mitochondrial genome lacks eight of the tRNA genes that are present in some other green algal mtDNAs; however, six mitochondrial tRNA genes are unique to Scenedesmus when compared to other green algal/land plant mitochondrially encoded tRNA sets ( 
Genetic Code and Codon Usage
Although most of the green algal mitochondria (such as of Chlamydomonas spp., Chlorogonium, Prototheca, Nephroselmis) employ the standard genetic code, deviations have been reported in some green algal groups, including other chlorophycean taxa (direct relatives of Scenedesmus) (Hayashi-Ishimaru et al. 1996) and Pedinomonas (Turmel et al. 1999) . Although the type of variation differs among these green algal lineages, all reported deviations involve the use of a termination codon as a sense codon: UGA as tryptophan in Pedinomonas (Turmel et al. 1999 ) and UAG as alanine or leucine in some lineages within the chlorophycean group (Hayashi-Ishimaru et al. 1996) . The Scenedesmus mitochondrion does not use UGA to specify tryptophan; however, like some other chlorophycean algae, it does decode UAG as leucine. In addition, Scenedesmus is so far unique in using the UCA codon as a signal for termination of translation.
It is interesting that six of the seven codons not present in Scenedesmus mtDNA are also not found in standard protein-coding genes of C. reinhardtii mtDNA (Boer and Gray 1988a) . The seventh codon is TAA, which is used as a stop codon in all but one of the standard protein-coding genes in C. reinhardtii mitochondria but possibly not at all in the Scenedesmus counterparts. In Scenedesmus, there does not seem to be any preference for third-position A or T among the codons in four-codon families, although such preferences have been noted in other green algal mitochondrial genomes (Denovan-Wright et al. 1998) .
Gene Organization and Structure
The Scenedesmus mitochondrial genome shares with its Chlamydomonas (Boer and Gray 1988b; DenovanWright and Lee 1994) , Chlorogonium (Kroymann and Zetsche 1998) , and Pedinomonas (Turmel et al. 1999) counterparts the feature of fragmented and scrambled rRNA coding regions. Figure 3 shows that all three rnl breakpoints in Scenedesmus correspond to variable regions that are interrupted in Chlamydomonas spp. and Chlorogonium but not Pedinomonas LSU rRNA; the breakpoint in the Pedinomonas rnl is unique among the organelle LSU rRNA genes investigated to date. The mitochondrial rns of Scenedesmus is also fragmented as are its homologs in Chlamydomonas spp. and Chlorogonium but not Pedinomonas; the rns breakpoint in Scenedesmus is within a variable region that is interrupted in all of the chlamydomonadalean SSU rRNA genes described so far. Extreme variation in intron number has been reported among the green algal mitochondrial genomes completely sequenced to date (Table 1) ; so far, the Scenedesmus mtDNA is the only one that contains both group I and II introns. The number and location of introns have been shown to vary greatly even among quite closely related green algal species (Matagne et al. 1988; Colleaux et al. 1990; DenovanWright and Lee 1992; Kroymann and Zetsche 1997) ; this seems also to be the case among Scenedesmus species because a group I intron is present in the cox1 gene of Scenedesmus quadricauda (Watanabe et al. 1998 ) but not S. obliquus (this work). The Scenedesmus rnl group II intron is located at a position (i.e., E. coli coordinate 2505) that is different from the position (i.e., E. coli coordinate 1787) of the rnl group II intron in the mtDNAs of both Pedinomonas and the brown alga, Pylaiella littoralis. No intronic ORF has been identified in either the Scenedesmus or Pedinomonas rnl group II introns, although an ORF coding for a potential reverse transcriptase is present in the P. littoralis counterpart (Fontaine et al. 1995) . It is noteworthy that a RT-like gene (rtl) is located between two rnl coding regions in the mitochondrial genome of C. reinhardtii (Boer and Gray 1988c) ; the sequence and secondary structure of its flanking regions suggest that this rtl might be the remnant of an intronic ORF harbored by a group II intron inserted 55 bp upstream of the insertion site of the Scenedesmus rnl_d group II intron (Nedelcu and Lee 1998c ).
An Intermediate Type of Mitochondrial Genome Organization in Green Algae
The feature that best characterizes the mitochondrial genome of Scenedesmus as an evolutionary intermediate between the ancestral and the reduced-derived mtDNA types in green algae is the organization of its rRNA genes. The fragmentation pattern of the rRNA genes in Scenedesmus suggests a gradual evolution from continuous rRNA genes, as in Nephroselmis and Prototheca, to the highly fragmented homologs in C. reinhardtii (Figure 3) . The four Scenedesmus rnl fragments code for an approximately 3-kb discontinuous LSU rRNA that is much larger than its Chlamydomonas counterpart (e.g., ca 1.9 kb in C. eugametos). The size differential is due in part to the presence in Scenedesmus of the 400-and 200-nt 5-and 3-terminal regions, respectively, that are completely absent in the Chlamydomonas spp./Chlorogonium mitochondrial LSU rRNAs but present in all other green algal homologues ( Figure  3 ). The degree of fragmentation of the Scenedesmus mitochondrial rnl is lower than that observed in the chlamydomonadalean group, but all the breakpoints found in Scenedesmus rnl are present in all the chlamydomonadalean counterparts investigated so far. The mitochondrial rns of Scenedesmus is also less fragmented than its homologs in Chlamydomonas, and the breakpoint is shared with its chlamydomonadalean counterparts (Figure 3 ).
An additional trait that favors an intermediate evolutionary position for the Scenedesmus mitochondrial genome is its gene content. Overall, there are 42 identified genes; this value falls between the 12 such genes found in the chlamydomonadalean mitochondrial genome and the 62 genes present in Nephroselmis mtDNA. Moreover, for most of the respiratory complexes, the Scenedesmus mitochondrial genome encodes an intermediate number of genes (Table 2) . For example, seven Nad genes are mitochondrially encoded in Scenedesmus, compared with only five in Chlamydomonas and 10 in Nephroselmis. Furthermore, although the Scenedesmus mitochondrial genome codes for all three cytochrome oxidase subunits (as the Nephroselmis but not the Chlamydomonas mtDNAs), the presence of a truncated cox2 coding region might reflect an intermediate stage in the evolutionary process leading to the loss of this gene in the Chlamydomonas-like mitochondrial genomes. Features that evolved within and therefore are shared by a particular lineage (i.e., synapomorphic characters) are considered to be informative in defining phylogenetic affiliations within a group. In this context, the absence of atp1, rrn5 and ribosomal protein-coding genes as well as the presence of fragmented and scrambled mitochondrial rRNA genes, all of which are shared by the Chlamydomonas, Chlorogonium, Pedinomonas, and Scenedesmus lineages, could be considered indicative of common ancestry for these lineages. Consequently, the absence of cox2 and cox3, a character shared by the Chlamydomonas, Chlorogonium, and Pedinomonas mitochondrial genomes but not the Scenedesmus homolog, could argue that the chlamydomonadalean lineage and Pedinomonas share a more recent common ancestor with each other than with Scenedesmus. Conversely, these mitochondrial traits might well be the consequence of independent evolutionary events. The questions to be addressed then are: (1) How do the derived features of mitochondrial genome organization correlate with the evolutionary history of green algae? (2) To what extent can mitochondrial traits contribute to elucidation of phylogenetic affiliations among green algae?
Mitochondrial Genome Evolution and Green Algal Phylogeny
To address these questions we used concatenated mitochondrial amino acid sequences (Figure 4) . The best tree suggests that the chlamydomonadalean group shares a more recent common ancestor with Scenedesmus rather than with Pedinomonas. However, Pedinomonas appears more closely related to the chlorophycean clade than to the prasinophyte Nephroselmis or the trebouxiophyte Prototheca; this branching order should, nevertheless, be regarded with caution because it could be the result of a long-branch-attraction artifact (Felsenstein 1988) .
The observed affiliation of Scenedesmus with the chlamydomonadalean lineage is consistent with existing morphologic, ultrastructural, and molecular data (Melkonian 1990; Buchheim and Chapman 1992; Buchheim et al. 1996; Friedl 1997) . The derived features of mitochondrial genome organization in both Chlamydomonas and Scenedesmus, such as the similar pattern of fragmentation of the rRNA coding regions (Figure 3 ) and the shared absence of specific genes (Table 2) , are, therefore, likely to reflect true phylogenetic relationships.
On the other hand, the affiliation of Pedinomonas mitochondrial protein-coding sequences with their chlorophycean counterparts (Figure 4) is not consistent with other types of data (Moestrup 1991) . Nevertheless, chloroplast rnl data are congruent with mitochondrial protein phylogenic analyses in affiliating this taxon with the chlorophycean and not prasinophycean (Nephroselmis and Tetraselmis subcordiiformis) or trebouxiophycean (Prototheca) lineages (Turmel et al. 1999) . Does this affiliation reflect a true phylogenic relationship? Could Pedinomonas be a descendant of a primitive flagellate chlorophycean ancestor? Interestingly, regardless of whether or not the basal position of Pedinomonas relative to the chlorophycean clade reflects a true phylogenic relationship, the absence of cox2, cox3 and a large number of tRNA genes (Table 2) is likely to be an example of evolutionary convergence in the mitochondrial genomes of the chlamydomonadalean and Pedinomonas lineages.
Potential Features of Mitochondrial Genome Organization in the Chlorophycean Ancestor
Generally, derived features that are shared by two related lineages are also thought to have been present in their most recent common ancestor. Having data on mitochondrial genome organization from both chlorophycean lineages allows us to make inferences about the nature of the mitochondrial genome in the ancestor of the chlorophycean lineage. Because Scenedesmus features a more gene-rich mitochondrial genome than does Chlamydomonas, it is probable that the ancestral chlorophycean mitochondrial genome had a larger gene complement than its chlamydomonadalean homolog. Genes that were lost prior to the chlorophycean split most likely include those missing in both chlorophycean lineages, such as atp1, rrn5, and all ribosomal protein-coding genes. Nevertheless, these genes have also been lost in the Pedinomonas lineage, but the shared or independent nature of these losses in the chlorophycean and Pedinomonas lineages cannot be deduced with certainty from available data. Therefore, the possibility remains that some of these genes were still present in the chlorophycean ancestor and independently lost in the lineages leading to Chlamydomonas and Scenedesmus.
A perhaps less contentious feature of mitochondrial genome organization in the chlorophycean ancestor is the presence of fragmented and scrambled rRNA coding regions. All of the rRNA variable regions that are interrupted in Scenedesmus are also interrupted in the other chlorophycean taxa investigated to date, suggesting that the rRNA genes in the most common recent ancestor of the chlorophycean group were already fragmented, most likely in a manner similar to that described in Scenedesmus. Admittedly, independent events could be responsible for the disruption of rRNA genes in corresponding variable regions in both chlorophycean lineages. However, the fact that the breakpoint in the Pedinomonas mitochondrial rnl is in a completely different region of the gene relative to the other green algae investigated to date suggests that it is more likely that independent fragmentation events occurred at different sites rather than in corresponding variable regions in different lineages.
More information is needed to infer the nature of the mitochondrial genome in the chlorophycean common ancestor. If it is determined that Pedinomonas is not a true relative of the chlorophycean group, this would indicate that convergent evolutionary events have been rather frequent and extensive in green algal mitochondrial genomes. For this reason, inferences based on shared derived mitochondrial features, especially gene content, will have to be regarded with caution. Based on the available data, we can posit that the ancestral chlorophycean mitochondrial genome could have had a gene repertoire as large as that of its Nephroselmis counterpart but not smaller than that of Scenedesmus; that it probably featured fragmented and scrambled rRNA coding regions; and that its genes were populated by group I (and possibly group II) introns.
Concluding Remarks
This work was triggered by the observed unexpected dichotomy in mitochondrial genome organization and sequence affiliation among the green algae investigated to date. Although the present study provides information important to understanding the patterns of mitochondrial genome evolution in green algae, data on mitochondrial genomes from additional green algal groups are still needed to decipher the causes and mechanisms responsible for diversity of these genomes within this group. Comparing patterns and evolutionary trends among mitochondrial genomes from distant eukaryotic groups (i.e., animals, land plants, fungi, protists) will ultimately reveal the general mechanisms that govern the evolution of the mitochondrial genome; it is in this light that we think information on mitochondrial genome organization and evolution in green algae will prove useful.
METHODS
Strain, Culture Conditions, and Isolation of mtDNA Scenedesmus obliquus (Turp.) Kutz strain 78 was obtained from the University of Texas Algal Culture Collection (UTEX) and grown in Basal Medium (Oh-hama and Hase 1980) . Cultures were supplied with 1% CO 2 in air and cool-white fluorescent light on a 12 hours light/12 hours dark cycle. Cells were harvested during the exponential phase and broken using a French pressure cell or a mixture of glass beads. Total DNA was prepared using either phenol or guanidinium hydrochloride extraction procedures (Sambrook et al. 1989 ). Mitochondrial DNA was separated from the nuclear and chloroplast DNA following CsCl-gradient centrifugations. Mitochondrial DNA was initially identified by comparing its EcoRI restriction pattern with that previously reported by Kü ck (1989) for Scenedesmus strain KS3/2.
Cloning of mtDNA
Mitochondrial DNA was physically fragmented by nebulization (Okpodu et al. 1994) . After fractionation by electrophoresis in an agarose gel, the random, size-selected fragments of mtDNA (500-1000 bp and 1000-3000 bp) were incubated with E. coli DNA polymerase I (Klenow fragment) and T7 DNA polymerase to generate blunt ends and then cloned into the SmaI site of pBluescriptII KS + (Stratagene). Recombinant plasmids containing mtDNA inserts were identified by colony hybridization using intact mtDNA as a probe. Clones contained in this random library encompassed the entire Scenedesmus mitochondrial genome.
Sequencing strategies
As templates, we used single-stranded DNA, obtained by superinfection of recombinant clones with helper phage K07 (Vieira and Messing 1987) . Manual DNA sequencing was performed by the dideoxy chain termination method (Sanger et al. 1977) . High-resolution polyacrylamide gels, dried onto the glass plate (Lang and Burger 1990) , were autoradiographed and sequences were entered manually into computer files. Most readings were obtained by automated sequencing on a Li-Cor 4000L apparatus, using end-labeled primer and a cyclesequencing protocol (Amersham Pharmacia Biotech, Inc., Baie d'Urfé, Québec, Canada). Both strands were sequenced, and in regions where clone coverage was inadequate, specific primers were synthesized for use in primer walking.
Data Analysis
Sequences were read manually and assembled using the XGAP package V3.6 1996 (Bonfield et al. 1995) . Sequence analyses were performed on SUN workstations using software developed by one of the authors (Lang and Burger 1986) , as well as with tools included in the Gene Runner (Hastings Software, Inc., Hastings, NY) and GCG (Version 8; Genetics Computer Group, Madison, WI) sequence analysis packages. The FASTA program (Pearson 1990 ) was used for searches in local databases; sequence similarity searches were also performed at the National Center for Biotechnology Information (NCBI), using the BLAST network service (Altschul et al. 1990 ). The CLUSTAL V program (Higgins et al. 1992 ) was used for multiple protein alignments. Both programs were managed in the GDE (Genetic Data Environment) package (Smith et al. 1994) . BLAST searches were conducted with the batch utility BBLAST and large-scale output was screened with TBOB (Littlejohn and Rioux 1994) . A number of other programs, including multiple sequence file manipulation, preprocessing and conversion utilities for XGAP, FASTA, and GDE have been developed in the Sequencing Unit of the Organelle Genome Megasequencing Program (OGMP). These utilities are available through the OGMP website (http://megasun.bch.umontreal.ca/ogmp/ogmpid.html).
The complete sequence of Scenedesmus mtDNA is deposited in GenBank (no. AF204057). Sequences encompassing parts of rRNA genes and flanking regions of another Scenedesmus strain, KS3/2, have been published by others (GenBank no. X17375; Kü ck et al. 1990 ), but were completely redetermined in the present study. This partial sequence, as well as the complete Scenedesmus mtDNA sequence, are also available through the Organelle Genome Database Project
